Estimation of Groundwater Recharge on Various Sites in a Tropical Semiarid Basin using a Water Balance Model in Dry Surface Soil. by ONODERA, Shinichi & 小野寺, 真一
Estim atio n of GrotLndw ate rRe cha rge o nVario u sSitesin a1
Tr opic al
lSemiarid Basin usi ng a Wate rBala n c eM od d
i血 DrySurfa ceSoi).
Shinich On oder a
Envir o n m e ntalScie nce
,
Univ e rsityof Tsukuba
l-1･1 TenrlOd aiTsuhlba305Japarl
Fax:＋81-29815316709
Em an:onode ra@kanl(yo･ env r･tsul( uba･acjp
Abstract
hthis study, a simple w aterbalanc e m odelli止ing with Gree n･ Anpt m odelw a s血prpyedo nba sis of
m ea snred re s ults ina semiaridupla nd,TaIH ania, andit w asappliedtolocala re a suildei
■differents oil
orrain hnc onditonsin a s a meba sin･ h spite ofo nlythre epa r am ete rswithregardtothepartunde r.
the
gro und hthis m odel,the calc ulatedvalue s血ulated w enthe m easured valu e.Inth
'
s m odeいhe critical
rain鮎 whichgr o u ndw ater r echarge o c curs w asdete minedbythe s oilphysicalpr opertic s, and 血1d
obs er v atio nsals oindicatedthistenden cy. Fu rther m o re,the effects ofthe s oilandrainfallc o ndition o n
thegr oundw ater recharge w ere c o 血 ed,
1.Intr odu ct王o n
Evalu ation ofgr oundw ater re chargeh a r egio nal bash is aba sicinfo rm atio nfo r ef6cie ntgr o undw ater
res ource m 血 agem enta S Weu aSfo rfoiecas血ghydr ologicpr oce sswith the chaJlgein clim ate o rland
use(血Iiso netal･,1 994)A Itispa rtic ularlyhportantin regio n swhere gr otlndw ate ris a w ater s otlr Ce for
mu Ⅱicipalus e. In recentyears, Tn anyStt)dies o ngr ouldw ater re cha rgein various semia ridz o neshav e
estim atedthe natu ralgr o undw aterrecharge rate us血g physical(Gee et al., 19 94) andchemicalm ethods
(Sukhi3a etal･,1988;Ge eand flnleL1988;Sharz71a, 1 989etc･). Onthe otherhand, spatiala ndtemporal
infor matio n s ofplantc over or s oilc orlditio n c a nbe obtahedu singre moteSen singdata, In spite ofthe
acc umulatio n ofm a nyca s e studies,ithasbe e ndifEcult topredictrecharge r ate ha reglOnalba sinwhere
lo calar e a sunde rthe vario u s c o nditio n s 7 night e xist. Bec a u s ethelarge err ors w ere included ill
estinlatingthe a ctualev apotr a n spiratio n a ndw aterflux inthe vado se zワne(Ge e and Hiuel･198)Ithere
w erefe w applic ablephysicalm odelstopredictr e charge rates inva nouslocala rea s.
For de v elopingthe applicablephysicalm odelto gr o u ndw ater re cha rgein semiarid z on es,itis
n eces saryto c o血 the hydr ologicalpr o cessin s u rfac e s oilusingdir ectphysic alm ethods, andto
I mpr ovethe classicphysicalm odelonthebasis ofm easur edpr oces ses. Inthis study, a shlple wate r
balan c em odeluDkingwith Gree n- Ampt m odelwa s I mpr o v ed o nbasis ofm eas u red resultsin a semia rid
uphnd, Tan2:ania, andit w as appliedtolo calar ea su nde rdi血 r ents clilo r r ainfallconditiorlS ina s a me
basin.
2. W aterbala n c e nlOdel in surfa ces oil
The case c on sideredhereisthe w ate rbala ncein su 血 ce s oil without the abs o rption bythepla rltroots
inthedeeps oilunderthetropicalsemiarid, 虻thetr an spir ationis n egligible in de eps oil,the evapo ratiorl
加 ntlo c ates n e argroundsurface･ Therefo re)the waterb alan ce insu rface s oilisdes cribed a s:
R = P - E - Q ＋ △v (1)
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where R, P, E, Q, △v a rethe gr o u ndw ater re charge, precipitatio n, e vapo r atio n, ove rla nd no w, a nd
cha nge ins on_w ater c ontent, respectively. In tropicalsemiarid regi o n s, the a n n u alpote ntial
evapotr anspiratio nex ce eds2000m m, a nd dailypotemi ale v apotra n spir atio nex ce ed 5m m e v enduring
arainys e a s o n. Onthe otherhand,thedaLyactualev apotr a n spkation(A E)rapidlydecr e ases withthe
s oilw ater c ontent a鮎 rthe r血 以1 e v ent
,
andit alw ays is extrem elylow er tha nthe poteTltial
e vapotr a n spiratio n(P E)duringthe dryse as on(Hayashi, 1990)･ In this m odel, the ru n ofEw as used
m e asured valu esa nde vapo r atio n r ate w as calculated bythe estim ated P E(Onodera etal. , 1996)and
the m e a s ur edlinea r relatio nshipbetw e entheP EandA E･
During a rainfalle ve nt,the rain w ate rusuallyBlls withporesin surfac e soiland丑o ws ove rthegrou nd
s urhce(On ode ra, 196)Jn addito n,itpe netrates co n c e ntr atedlyandpa rtiauyin drys and(Grassetalり
1989;Onode ra, 1993)orthr oughthepr eferr edpa也 w ay(Stephen s, 1994)･ The infiltratio nproc e sh
thedrys oil withthe ov erhnd丑ow is siz7)ilar(o Gre en- Anpt Model- Based on the as su mptio nofthe
m odel,the inBltr ation rate(q)is w ritten usingDa r cy
2
s equ atio n as,
q = Ks(1 -(4,b - ¢t)/I.s) (2)
whe re, Ⅹsistheper meabiutya nd itequalsthe satu rated hydr aulic c o ndu ctivity, ¢bshow sthepress ure
head at the w etting丘ont and equalsthe w ater e ntryvalu e(¢w), ¢Isho wsthepres su rehead atthe
gr oundsur触=e, andLs sho w sthele ngthof the wettiigz o ne･ 4'tisthepo sitive valu e underthe ponded
il瓜tration a ndequalsthepo nded depthor ov erlandno wdepth. T hen 4,Ibeco mesthe air entry value
(¢a) underthe r edistn1)tltion pr oc ess. Based o nthe equ ation(2),itis dedtl C edthat the hydraulic
gr adie ntis negativ ea ndthe w ater 血Ⅹ wi llbe upw a rd whe nLsis s mallertha nthedif6e reTIC ebtw e e n
¢w and ¢a. Therefo re,thedepthofthe su ぬ ce s oil hyer(Le)whe relittle s oil w ater c ontributeto
gro u lldw aterisdetermin edasthedifEbren cebetw ee n4' w a nd¢a. Be c a use ¢tbe co m es ¢a at the end
ofthe rainihll
,
the wet血gz ozleis ap pro xim atelythe satur且(ed c ondito n(0s), and(he c riticalr a岨
am o unt(Pc)isde血 ed as,
Pc = I.,e(Os - Oi)
where, 8i isthe s o乱 w ater co nte nt befo r e a
rainhue ve nt. Ac c o rdhgtothe equ atio n(1),it
isdete 血 dthatgr oundw aterr echa rge o c cu rs
w hen the di飽ren ce betw e e nP andQ exc e ed
Pc･ T he ez:cessw ater r apidly m o vesdo wnw a rd
as pa rtial a nd c oncentrated flo w without
e v apotranspむado n(On oder a, 1993).
Para m ete rs(4,a a nd 0s)ofthe m odelu s ed
thephysicalpr operties m e as uredbythelabo rato ry
experim ents(Table1). In otherhalld,bec aus e
the experiI71e ntal m ethod of ¢w h the
labo ratory ha ve n ot been established, the
(3)
Table1 Soilphysicalpr operties,
s oilty pe ¢a Os Ks c olo r
s a nd -10 35 5Ⅹ10
-3
gr ayish
br o w n
sit -16 50 5xlO
14
reddish
hr r＼ヽ m
* 如 :pres s ur ehe ad atthe air entry,
Ks : s atu ratedper m e ability
0s: w ater co 亡lteLlt at the s aturatedc o ndit o n
obse rved valu ebyOn ode ra(1996)w a s applied
to ¢w . Onode r a(1996) obser v edthat the
pre
.
ss u rehead at thedepthof 20cm he re
.
a sedr apidlyfro mthedryc o ndition to
-3c m(j=3c m)withthe
arrlValofthe w etting丘orlt- T herefor e, 1t W a sas s um edthat¢w w as -3c m inthis m odel.
3. Stlldy a re aa nd m ethod
T he studyare aislo cated in MakutaporaBasin,25k皿 nOrth of Dodom a, the CapitalcityofTa nza nia
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(Fig･1)･ The m ah hius, Chen eモe
Hius,lie hthe n o rthea stern rn argln
of the basin, and M akutapo ra
sw a mp IS S u rr o u ndedbypediplain
uplands inthe ce nter ofthe ba sin･
The ele v ations ofthe hius, s w amp
and pediplainupland are ar o und
1200to 20 0, 106 0, a nd 1090to
l150 a 皿 S.1. , r e spe ctiv ely. The
basem e nt c onsists m ai nly of
pre cambria ngr anitic r o cks a ndsm a皿
blo ck of 皿 etaSedim ents. T he
basem entis c o mplexly fhulted. A
thh s a ndy s oil
■
of the high
per me ability andr eddishsilyso正of
the low pe -eability (Table 1)
cov ersthegra nitic and sedimentary
r o ck o n the slope and upla nd,
re spectively･ Onthe otherhand, a
thicksil一y o r clayey s oilc ov e rs o n
thes w a mps andlowla nds. T hedeep
gro undw ater exists inthe w eather ed
or五s su r edro cks underthe Sw amp･
The a r ea has a tropicalsemiarid
cliz71ate. M o st ofthe an rlualrainih比
about 600m m
, oc curs 丘o171
Decembe rto April･ Shhdo(1994)
m ea sur edthedistrlbution ofr ahhl
inthe bash, and indic atesthat the
amou nt at C heTlene O nthe foot of
the 姐Is w a s1.9tim es ofthat at
Makutapo ra, andthat the kequ ency
ofrainfalle v ents e x ceed hg50rr m at
Chenene w astwic ethatat Makuta.po rn.
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Fig.1 Lo c atio n ofstudyarea.
To evaluatethe effe cts ofthe rainblla nds onc ondition s o nthegr ou Tldw ater re charge and calibrate
the m odel withobs e rved valu es, the observations of hydr ologicalpr oc es ses w e r e c a rried o ut at tw o
experim entalsites ofthe we ster nside of Makutapo ra Sw amp, 丘o m Dece mber in19 89to M a rchin
19911 On eis on thepediplainupla nd withsa ndys oil(Site U)aridthe otheris on thegentle slope with
reddishs oil(Site A)･ AtSite U, thete n siom ete robservation, s oilw ater s a mpling a nd es血 ation of
e v aporatio nw ere c o ndu cted, respectively･ The e vapo r atio n rate wasestim ated u sirlgthedirectphysical
Tnethod･ An undisturbed lOcc s oils al nPle w a s c ollectedonthe grou nds u rfa ce e v e ry m o m mg us ng
a steelcy血de r ofthelengthof5c m a nd weighedto IneaS u rethe w ater c o nte nt. T he c onecteds ample
cyhder washstaledonthegr oundsu血 ce ev eryday and w eighed a触r o nedayto m easurethedaily
actuale vaporatio nr ate･ Asthe botto m ofthe cylinder w as sealed by a c over, the e vapor atio n r ate w as
estimated byc onside血grai血 止 and o v erflow am ou nt･ How e v e r, this m ethod m ay urlde restim atethe
e vaporation rate whenthe e v aporation丘o ntlocatesbelow the5c mde ep such asduringthe dryseas on･
Therefo re
,
ths value s observed du血gthe rainyseas o nw as u sed for calibratingthe model1 0nthe other
ha nd
,thete nsiometerobservation and m e asurem ents ofe v ery e v e ntrunofBs atSite A w ere c o nducted,
respectiv ely. T he runoffw a sm easured atfour鮎1dplots of 3.2m x3.2zn(1 0m
2
)insize.
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4. Results a nd dis cus sio n s
4.1 W aterbala n c einthe sandys oilo rLthe up[a Jld
Figur e2 show sthe sea s o nalvariatio nin
the w ater c o nte nts a71d recharge r ate s
e stim ated u血gthe direct m ethod and
calctlated u singthe w aterbalan ce m odel
丘o m No vember 1990to April191,
respectiv ely･ Based oilthe w ate rb alan ce
inthe su 血 c es oil
,
the recharge rate was
e stim ated bythe differen cebetw e e nthe
r ain f dat o ne e v entandthe e v aporatio n
rate a c cu rnula(ed duringtheperiod&om
that rainfhue vent tothe next o n e. The
r e charge r ate wa s obvio u slyhighafter a
rainfal e v e nt of m or ethan 40 n m/day,
a nd w ater co ntent inthe surface s oil
increased. In contra st
,
the recharge r ate
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Fr o mthese re s ults
,
the recharge r ate w as Fig･2 Se a so n alv ariatio n sinthe(b)w ater co nte nt a nd
related linearly to the rai】血Ilam ount (c)r echarge rate atSiteU.
(Onode ra,1996)･ The relatio n shipin dic ates
that the recha rge rateis negativ eat e v ents oflessthan 151Tm landthelossr ates with e v apor ationis
relatively c
l
onstant and ar ouT)d 15m m forthe raiI血uat e v ents of m orethan15znm . On the otherha nd
,
the Pc on 也 e upland w as calculatedto be 21m m tLrlde rthe dry condition a 71d llrrLEn u nde rthe w e(
c onditio n u singthe par a metersin Table 1, respectively. T he obse rvedtende ncy agre ed withthe
c alculated resultsinthe basis ofthe c onc ept ofthe model.
Fu rthe 皿 O re
,
the va血tion hthe re charger ate c alculatedu shgthe m odelapproxim ately agreed with
the obs erved v ariatio n
,
w here asthe variatio ninthe calc ulated w ater c o ntent w a slarger than the
obs erv ed o ne be cause the calculated ra nge inthe m odel w as n a rro w e rthan the observ ed o ne . The
c u m ulative recha rge r atedLIringthis r ainys eas o nw asestim atedtobe341m 丘o mthe obse rved data
and 32 8m &o mthe calctlated data
,
respectiv ely. T he recharge rate ofshauow grou ndw ater orlthe
sam e site w asals oesth atedtobe330d yearbyOnode ra(1993)ushgthetr a c e r method. It estim ated
u血gthedむe ct m ethod w a s si mi la rto o ne u singthetr ac er m ethod. These results support the validity
oft王1is m odel.
4.2 Effects orthe s oilco llditio tl On gr Otlndw ater re ch arge
Based o nthe vaHdityofthe modeldes cribedabov e,the applications ofit tothe estim ations ofr e charge
r ates unde rthe various s oila ndrahfauco ndito nsw ere attempted. To evaluate the effect ofthe son
co nditio n
,
thegroundw ate rrecharge rates w e r estim ated inthe adjace nthydrogeo m o rphologicalu nits
with也e reddishsntys oilarids andys oilarou ndM akutapor aa nd Meia M eia, r espectiv ely. T he Pc inthe
reddishsnlysonwa scalc ulatedtobe5 91n m u nderthedryc o nditon a nd 20m m u nderthe w et co ndito n,
respectively, based o il the m odelpara meters. In the ge ntle slope(Site A)ar ound Makutapor a, the
anntl alr echa rge rate wa sestim atedto be lm m･ The observ ed va riation inpressu r ehe ads atSi(e A
supportedthe r esults calculated usingthe m odel･ Thepressureheadat thedepthof 20cm ro se uptoOczTI
H20 a走er a rainfhnevent, w here asit at the depth of lOOcm kept v e rylow througho ut the rainys eason.
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The r esultsindic atethat the w etting&orltStops at the surface s oillayer.
L h additon, the gr o u ndw ater re charge
w a sevaluatedon thepedim e ntslope with
the red dishsily a nd sa ndy s oil inMeia
Meia, whe re the an n ualrainfhllw as 1.2
times ofthatatMakutapo ra. FIBu r e3sho w s
the v ariation incalculatedrecha rge r ates
on the pedim e nt slopes withthe reddish
soilands a ndys o且a round Meia Meia. T he
effect of the s oil c onditio n o nthe
groundw ater re chargeis clear･ The ar nual
rechargerates were estim atedtobe65m 皿
inthe reddishs oiland 427rn minthe s andy
soil
,
respectiv ely. The recha rge rate inthe
reddishs oilw a sles sthanthatinthe sazldy
so比 Thegr ainsize ofs oilaffe ctsthe ¢a
a sw el asthe per me ability. T he s m alerthe
grainsizeis, thelow e rthe 4,ais andthe
largerthe Lea ndPc are, respectively.
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Fig13 Sea scID alvariatio r)siz) r echarge rates
inthe reddishsil一ys oilands a ndys oil.
4.3 Effe cts ofthe r nhfanc o nditiol1 0 ngr O u ndw ate rre charge
To evalu atethe effe ct ofthe rainhnc o nditioTl
,
thegr oundw aterrecha rge rate s were estim atedo nthe
thre e are as
,
M akutapo ra, M eia M eia, and Chenen e, wher ethe a皿 u alrainfaus in191 are672m m ,
806rnn a nd1414m 叫 reSpeCtively･ T hecalculated 和 n u al
■
rechargerates oLthe sa ndysQ.ilw ere 328Ⅲ n
in Makutapo ra, 427m inMeia Meia, a nd 893 m inChe nene, respectively. The rates w ere 48.8% of
the a n n ualrainhllin Makutapo r a,53･0 % inMeia Meia,63.2% hCherlene, respectiv ely. T hese results
indicatedthat the r echarge r ate increa s ed with rainfhu a m o u nt. Pa rtic ularly,it incr e ased withthe
丘equ e ncy ofthe rainfallevent of Ⅱ1 0 retha n507T 皿 a S We山a sthe eventr ainfaua m ou rlt. Onthe other
harld, the calculatedrecha rge rates on the reddishs oilw ere ln m in Makutapor a, and 65rnmin M eia
Meia
,
r espectively･ Therates w ere 0,1% ofthe a n n u alrain血11inMakutapora a nd8.1 %h M eia M eia,
r especdv ely. Beca usethePcisthedisthctvalムe forthe so丑ty pe, the effe ctofthe rainfa止 condit o nw as
differenta c c o rd ingtothe s oilc onditon.
5･ Co n cludingr em a rks
lnthis study, the sin1Ple w ater bala nce modellinking with Gre en- Ampt Model w as appliedto(he
semiaridbasinin Tan z a nia, tO evalu atethegrou ndw aterrecha rgein a reglOrlal basinusingtheles s
parameters unde rthegro u nd･ Thought thepara meters urlderthegrou ndinthis m odel w er eonlythr e e,
the calculated valu esim ulated w el▲the meas ur ed value. Fu rther more
,
the effe cts ofthe s oiland r aildau
conditions on the gr oundw ate r r echa rge w ere co 血 ed. In the futu r estudy, the determ ination of
spatialdistrlbution ofs oila ndthe estim ation ofthe variation inrainfau a nd e v apotr ansplration
.
win be
po sible u singthe re m ote Sen S lngte Chniqu e･ Therefo re, itis stinm or e neces s a ryto establishthe
experin1 e ntalmethod ofthes oilpa ram eters a ndto e valu ate the water abs orptionbythedeep plarltr o ot
inthis m odel.
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